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Techni-dilaton (TD) is predicted in walking technicolor (WTC) arising as a pseudo Nambu-
Goldstone boson associated with the approximate scale symmetry spontaneously broken by techni-
fermion condensation. The TD mass is therefore smaller than those of other techni-hadrons on
order of several TeVs, small enough to be within reach of the current LHC search. We present a new
method to derive the TD couplings directly from the Ward-Takahashi identities, which enables us to
explicitly calculate the quantities relevant to the TD LHC signatures. To set definite benchmarks,
we take one-doublet and one-family models of WTC and discuss the TD signatures at LHC, in
comparison with those of the standard model (SM) Higgs. It is shown that the TD in the one-
doublet model is invisible at the LHC, while the TD signals in the one-family model can be found
as a large excess relative to the SM Higgs at around 125 GeV only in the diphoton channel.
I. INTRODUCTION
The most urgent issue that the current LHC experiments attempt to settle is to clarify a particle responsible
for the origin of mass. In the standard model (SM) Higgs boson corresponds to the key particle, where the mass
generation/electroweak (EW) symmetry breaking takes place through an ad hoc assumption of the nonzero vacuum
expectation value of the elementary Higgs field. Thus in the framework of the SM, the origin of mass is put in by
hand and not explained, which would suggest existence of more fundamental theory beyond the SM.
Recently, the ATLAS [1, 2] and CMS [3, 4] experiments have excluded the SM Higgs boson for most of low mass
range up to ∼ 600 GeV. If the Higgs-like object, if any, existed above 600 GeV, it would be too large to be accounted
for by the SM Higgs boson. Even for the most recently reported diphoton excess at around 125 GeV [5–7], the best-fit
signal strength denoted by cross section times the γγ branching ratio is about 2 times larger than that of the SM
Higgs resonance [2, 4], which may also imply a non-SM Higgs-like object.
Technicolor (TC) [8, 9] accommodates the electroweak symmetry breaking by techni-fermion condensation, without
invoking the fundamental Higgs boson, just like the quark condensation in QCD, and hence gives the dynamical
explanation for the origin of mass. The original version of TC [8], a naive scale-up version of QCD, was ruled out
due to the excessive flavor-changing neutral currents (FCNC). A way out of the FCNC problem was suggested under
a simple assumption of the existence of a large anomalous dimension for techni-fermion bilinear operator γm without
any concrete dynamics and concrete value of the anomalous dimension [10]. It was the walking TC (WTC) [11, 12]
that exhibited a concrete dynamics based on a nonperturbative analysis of ladder Schwinger-Dyson (SD) equation
with nonrunning (scale invariant/conformal) gauge coupling, α(p) ≡ α, yielding a concrete value of the anomalous
dimension, γm = 1 in the broken phase α > αc where αc is the critical coupling for the chiral symmetry breaking.
Modern version of WTC [13–15] is based on the two-loop running coupling with the Caswell-Banks-Zaks infrared
fixed point (CBZ-IRFP) [16], instead of the nonrunning one, in the improved ladder SD equation.
Another problem of the TC as a QCD scale-up is the electroweak constraints, so-called S and T parameters. This
may also be improved in the WTC [17, 18]. Even if WTC in isolation cannot overcome this problem, there still exist
a possibility that the problem may be resolved in the combined dynamical system including the SM fermion mass
generation such as the extended TC (ETC) dynamics [19], in much the same way as the solution (“ideal fermion
delocalization”) [20] in the Higgsless models which simultaneously adjust S and T parameters by incorporating the
SM fermion mass profile.
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2In the WTC the techni-fermion (F ) acquires the mass mF dynamically due to the scale-invariant/conformal dy-
namics in the form of essential-singularity scaling, Miransky scaling [21]:
mF ∼ Λ e−pi/
√
α/αc−1 , (1)
where Λ is an ultraviolet cutoff to be identified with an ETC scale, Λ ∼ ΛETC. Thanks to the Miransky scaling, mF
can be much smaller than Λ, mF ≪ Λ, near the criticality α ≃ αc. This mass generation spontaneously breaks the
scale symmetry, which can be characterized by the conformal phase transition [15]. Actually, once the mass mF of
the techni-fermion (F ) is dynamically generated, the coupling α starts to run slowly (“walking”) according to the
Miransky scaling Eq.(1) leading to the nonperturbative beta function [22],
βNP(α) =
dα
d log(Λ/mF )
∼ − 1
(log Λ/mF )
3 ∼ −(α/αc − 1)3/2 (α > αc) . (2)
The scale symmetry is thus spontaneously and explicitly broken by the dynamical mass generation with the scale mF .
In the case of modern version of WTC [13–15] based on the CBZ-IRFP (α∗), the gauge coupling α is almost
nonrunning α(p) ∼ cons. ≃ α∗ for mF < p < ΛTC where ΛTC is an intrinsic scale analogous to ΛQCD and plays a role
of the ultraviolet cutoff Λ: Λ ∼ ΛTC ∼ ΛETC(> 103TeV). The existence of the intrinsic scale ΛTC breaks the scale
symmetry already at two-loop perturbative level for the ultraviolet region p > ΛTC, where the coupling runs in the
same way as in QCD. However, this perturbative scale-symmetry-breaking scale ΛTC is irrelevant to the dynamical
mass mF which can be much smaller than ΛTC. The very reason for the nonperturbative scale anomaly thus comes
only from the dynamical fermion mass generation along with the infrared scale mF .
The spontaneous breaking of such an approximate scale symmetry implies existence of a light composite scalar,
techni-dilaton (TD) [11, 12], arising as the pseudo Nambu-Goldstone boson (pNGB) for the scale symmetry. Since
the TD field (φ) couples to the trace of energy momentum tensor θµµ which is chiral invariant, the composite TD is
formed by techni-fermion and anti-techni-fermion bound state (F¯F ) in a chiral- and flavor-singlet manner:
F¯F ≈ 〈F¯ F 〉e(3−γm)φ/Fφ · U , (3)
where Fφ is the TD decay constant related to the spontaneous breaking of the scale symmetry; (3− γm) ≃ 2 denotes
scale dimension of F¯F ; U is the usual chiral field parametrized by the NGB fields associated with the spontaneously
broken chiral symmetry as U = e2ipi/Fpi with the techni-pion decay constant Fpi .
The TD gets massive due to the nonperturbative scale anomaly as mentioned above, generated from the nonpertur-
bative renormalization of the TC gauge coupling α as in Eq.(2) associated with the techni-fermion mass generation via
Miransky scaling. The TD massMφ and decay constant Fφ may then be related to θ
µ
µ, trace of the energy momentum
tensor, through the partially conserved dilatation current (PCDC) for the trace anomaly:
F 2φM
2
φ = −4〈θµµ〉 , θµµ =
βNP(α)
4α
G2µν , (4)
where Gµν stands for the techni-gluon field strength. Here 〈θµµ〉 = 4Evac, with Evac being the vacuum energy density,
and Evac only includes contributions from the nonperturbative scale anomaly, defined by subtracting contributions
〈θµµ〉perturbation of O(Λ4TC) from the perturbative running of the gauge coupling α, such as 〈θµµ〉−〈θµµ〉perturbation, which
is saturated by the techni-gluon condensation induced by the techni-fermion condensation. Hence the PCDC relation
Eq.(4) generically scales like
F 2φM
2
φ = −16Evac ∼ 16
(
dFNTF
pi4
)
m4F , (5)
where dF is dimension of techni-fermion representation for SU(NTC) TC gauge group (say, dF = NTC for fundamental
representation) and NTF denotes the number of techni-fermions. Eq.(5) indeed implies that TD can be lighter
than other hadrons having masses of O(mF ) when the scale of Fφ is of O(mF ) or higher. However, the TD mass
cannot parametrically be small since the scale symmetry is actually broken explicitly for the very reason of the
spontaneous breaking itself, namely the dynamical generation of the techni-fermion mass mF , which is responsible for
the nonperturbative running of α (nonperturbative scale anomaly Eq.(4)) as mentioned above. In fact, straightforward
nonperturbative calculations of Evac based on the ladder SD analysis [23, 24] support the scaling Eq.(5) and show
that (Fφ/mF ) · (Mφ/mF ) = finite even at the criticality limit α → αc (mF /ΛTC → 0) where βNP(α) → 0. Thus the
TD cannot be massless unless it is decoupled by Fφ →∞ #1.
#1 Such a “decoupled TD” scenario [23, 25] with the Yukawa coupling ∼ mF /Fφ → 0 as mF /ΛTC → 0 might be relevant to dark
matter [23, 26].
3In fact, Mφ ≃ 500 − 600GeV for the typical one-family model was suggested [27], based on various explicit
calculations [28]. (This is also consistent with the recent holographic estimate [25] and others [29].) However, their
results are not very conclusive due to the respective uncertainties in those computations. Although such a composite
scalar was identified as a chiral non-singlet state, just like the chiral partner of pion, in contrast to the correct
identification of TD as in Eq.(3), the TD mass would be more involved than such an estimated scalar mass. It may
therefore be reasonable to deal with the TD mass as a free parameter at present.
Actually, we have recently explored the TD LHC signatures taking the mass as a free parameter in the range
110 GeV – 1000 GeV, which is in the reach of LHC experiments [30, 31]. We addressed how the signatures look
different from those of the SM Higgs for by explicitly calculating the TD LHC production cross sections at 7 TeV
times branching ratios normalized to the corresponding quantities for the SM Higgs. Particularly in Ref. [31] the
currently observed excess at 125 GeV in the diphoton channel can be explained by TD.
In this paper, we first refine the previous calculations of Refs. [30, 31] and [32], based on a new method to derive all
the TD couplings to the SM particles and techni-fermions, solely from the Ward-Takahashi identities for the dilatation
current coupled to TD. We show that all the couplings to the SM particles are induced from techni-fermion loops: The
Yukawa couplings to the SM fermions arise due to ETC-induced four-fermion interactions reflecting the ultraviolet
feature of WTC characterized by the anomalous dimension γm ≃ 1. The couplings to the SM gauge bosons, on the
other hand, are determined by the infrared features fixed solely by the low-energy theorem.
We also refine the low-energy effective Lagrangian for TD in a way consistent with the Ward-Takahashi identities
mentioned above. The Lagrangian is based on the nonlinear realization of both the scale and chiral symmetries,
where the scale invariance is ensured by including a spurion field which reflects the explicit breaking induced from the
dynamical generation of techni-fermion mass itself. We then discuss the stability on the TD mass against quadratically
divergent corrections arising from an effective theory below the scale mF which would be the only possible source for
a sizable scale symmetry breaking relevant to the TD mass.
To be concrete, we take typical models of WTC such as one-doublet model (1DM) and one-family model (1FM)
to discuss the TD LHC signatures in comparison with those of the SM Higgs by changing the TD mass as a free
parameter concentrated on a light mass region 110 GeV - 600 GeV. It turns out that the TD in the 1DM is invisible
due to the highly suppressed couplings to the SM particles. It is shown that the light TD signal in the 1FM can be
found as a large excess relative to the SM Higgs at around 125 GeV only in the diphoton channel.
This paper is organized as follows: In Sec. II we present a new derivation of all the TD couplings directly from
the Ward-Takahashi identities. In Sec. III we refine the low-energy effective Lagrangian for TD in a way consistent
with the Ward-Takahashi identities. In Sec. IV we discuss the TD LHC signatures for the TD mass range 110 GeV
≤ Mφ ≤ 600 GeV, taking the 1FM to make definite benchmarks. Sec. V is devoted to summary of this paper. The
formulas for the TD partial decay widths are presented in Appendix A.
II. TD COUPLINGS
In this section, we shall derive formulas for the TD couplings to the techni-fermions and SM particles through the
Ward-Takahashi identities for the dilatation current coupled to TD. It is shown that all the couplings to the SM
particles are induced from techni-fermion loops: The Yukawa couplings to the SM fermions arise due to ETC-induced
four-fermion interactions reflecting the ultraviolet feature of WTC characterized by the anomalous dimension γm ≃ 1
(Sec. II B). The couplings to the SM gauge bosons, on the other hand, are determined by the infrared features fixed
solely by the low-energy theorem (Sec. II C).
A. Coupling to the techni-fermions
We start with a low-energy theorem related to the Ward-Takahashi identity for a techni-fermion two-point function
coupled to the dilatation current Dµ = θµνx
ν :
lim
qµ→0
∫
d4y eiqy〈0|T∂µDµ(y)F (x)F¯ (0)|0〉 = iδD〈0|TF (x)F¯ (0)|0〉
= i (2dF + x
ν∂ν) 〈0|TF (x)F¯ (0)|0〉 , (6)
where we used [iQD, F (x)] = δDF (x) = (dF + x
ν∂ν)F (x) with the dilatation charge QD =
∫
d3xD0(x), in which
dF = 3/2 denotes the scale dimension of techni-fermion field F . Assuming TD-pole dominance in the left-hand side,
we rewrite Eq.(6) as
Fφ · 〈φ(q = 0)|TF (x)F¯ (0)|0〉 = δD〈0|TF (x)F¯ (0)|0〉 , (7)
4where use has been made of the definition of the TD decay constant Fφ:
〈0|Dµ(x)|φ(q)〉 = −iFφqµe−iqx , (8)
in which Dµ stands for the dilatation current constructed only from the TC sector fields. Taking Fourier transform
(F.T.) of both sides with momentum p, we find
F.T.〈φ(q = 0)|TF (x)F¯ (0)|0〉 = − 1
Fφ
δDSF (p) =
1
Fφ
[
SF (p) + pµ
∂
∂pµ
SF (p)
]
=
1
Fφ
SF (p) ·
[
δDS
−1
F (p)
] · SF (p) , (9)
where
δDS
−1
F (p) =
(
1− pµ ∂
∂pµ
)
S−1F (p) , (10)
with SF (p) being the (full) propagator of techni-fermion defined as SF (p) = F.T.〈0|TF (x)F¯ (0)|0〉 ≡∫
d4xeipx〈0|TF (x)F¯ (0)|0〉. We shall define the amputated Yukawa vertex function χφFF (p, q):
χφFF (p, q) ≡ S−1F (p) ·
(
F.T.〈φ(q)|TF (y)F¯ (0)|0〉) · S−1F (p+ q) . (11)
Eq.(9) then reads
χφFF (p, q = 0) =
1
Fφ
δDS
−1
F (p) =
1
Fφ
(
1− pµ ∂
∂pµ
)
S−1F (p) . (12)
As done in the original literature [12], one may also derive a Ward-Takahashi identity for a local composite operator
F¯F (0) having the scale dimension (3 − γm):
lim
qµ→0
∫
d4xeiqx〈0|T∂µDµ(x)F¯F (0)〉 = iδD〈F¯F 〉 = i(3− γm)〈F¯F 〉
→ 〈0|F¯F (0)|φ(q = 0)〉 = − 1
Fφ
δD〈F¯F 〉 = − (3− γm)
Fφ
〈F¯F 〉 , (13)
which implies an operator relation between F¯F , φ and U = e2ipi/Fpi as given in Eq.(3),
F¯F ≈ 〈F¯ F 〉e−(3−γm)φ/Fφ · U , (14)
with the normalization of φ-state as 〈0|φ|φ〉 = 1 and 〈0|U |0〉 = 1.
The TD decay constant Fφ can be related to the TD mass through the PCDC relation based on the Ward-Takahashi
identity associated with the trace of energy-momentum tensor θµµ = ∂µD
µ, similarly to Eq.(6):
lim
qµ→0
∫
d4xeiqx〈0|T∂µDµ(x)θνν (0)|0〉 = iδD〈0|θµµ(0)|0〉 = idθ 〈0|θµµ(0)|0〉 , (15)
where dθ(= 4) is the scale dimension of θ
µ
µ. The TD-pole dominance and use of Eq.(8) thus lead to the PCDC
relation #2,
F 2φM
2
φ = −dθ〈θµµ〉 , (16)
which will be used for the phenomenological studies of TD given in the later sections.
#2 Note that if one wrote an operator relation like “∂µDµ(x) = FφM
2
φφ(x)”, φ(x) would mean merely a generic scalar density as an
interpolating field of TD as in the case of PCAC (partially conserved axialvector current): The PCDC relation should not be understood
as an operator relation.
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FIG. 1: Left panel: The Feynman graph corresponding to the amplitude Eq.(20) which generates the Yukawa vertex for the SM
f -fermion. Right panel: The graphical interpretation for derivation of Eq.(24) through ETC-induced four-fermion interaction
in Eq.(18) with the coupling strength G[f ] coupled to the composite F¯F operator.
B. Coupling to the SM fermions
Since the dilatation current Dµ in Eq.(8) consists only of the TC sector fields, all the SM fermion fields do not
transform under the scale symmetry, δDf(x) = 0. Accordingly, they do not directly couple to TD:
〈f(p)|θµµ(0)|f(p)〉 = 0 . (17)
Their couplings are thus generated only through an ETC contribution communicating the TC sector to the SM fermion
sector. They can be described in a low-energy effective Lagrangian as
LeffETC = G[f ]F¯F f¯f , (18)
which gives the f -fermion mass through the techni-fermion condensation:
mf = −G[f ]〈F¯F 〉 . (19)
The interaction term in Eq.(18) together with the Yukawa vertex function Eq.(12) gives rise to the following matrix
element (See also the left panel of Fig. 1):
iM(φ(0), f(p), f¯(p)) = − iG[f ]
Fφ
∫
d4l
(2pi)4
Tr[SF (l) · δDS−1F (l) · SF (l)] · u¯f (p)uf (p)
=
iG[f ]
Fφ
· δD
∫
d4l
(2pi)4
Tr[SF (l)] · u¯f(p)uf (p) , (20)
where uf (p) denote the wavefunction of the SM-f fermion field. Noting that
〈F¯ F 〉 = −
∫
d4l
(2pi)4
Tr[SF (l)] , (21)
and Eq.(19), we find
iM(φ(0), f(p), f¯(p)) = −iG[f ]
Fφ
δD〈F¯F 〉 · u¯f (p)uf (p) = i (3− γm)mf
Fφ
u¯f(p)uf (p) , (22)
which gives the Yukawa coupling to the SM f -fermion in a view of an effective Lagrangian,
Lφff = gφff φf¯f , gφff = (3− γm)mf
Fφ
. (23)
As was done in Ref. [12], one can reach the same formula as Eq.(23) by considering the composite F¯F operator
insertion, as illustrated in the right panel of Fig. 1: Using the operator relation between F¯F and φ given in Eq.(14)
consistently with the Ward-Takahashi identity Eq.(13), Eq.(18) reads
G[f ]F¯F f¯f ≈ −mf f¯ f +
(3− γm)mf
Fφ
φf¯f + · · · . (24)
6C. Couplings to the SM gauge bosons
The TD couplings to the SM gauge bosons are also generated only through the techni-fermion loops. We shall first
consider a low-energy theorem associated with the Ward-Takahashi identity for a techni-fermion vector/axialvector
current Jµ coupled to the trace of energy-momentum tensor θ
µ
µ = ∂
µDµ:
lim
qρ→0
∫
d4z eiqz 〈0|T∂ρDρ(z)Jµ(x)Jν(0)|0〉 = lim
qρ→0
(
−iqρ
∫
d4z eiqz 〈0|TDρ(z)Jµ(x)Jν(0)|0〉
)
+iδD〈0|TJµ(x)Jν(0)|0〉 , (25)
where δD〈0|TJµ(x)Jν (0)|0〉 = (2dJ+xρ∂xρ )〈0|TJµ(x)Jν (0)|0〉 with dJ (= 3) being the scale dimension of the current Jµ.
Here all suffixes regarding the current Jµ such as the TC and SM charges have been suppressed for simplicity. In the
first line of the right hand side, the scale/dilatation anomaly induced by techni-fermion loops has been incorporated
properly. Taking the Fourier transform of both sides and extracting the dilaton pole from the left hand side by using
Eq.(8), we find
F.T.〈φ(0)|TJµ(x)Jν(0)|0〉 = 1
Fφ
{
lim
qρ→0
qρΓ
ρ
µν(p, q − p; q)− δDΠµν(p)
}
, (26)
where
Γρµν(p, q − p; q) =
∫
d4z dx4 eiqz−ipx 〈0|TDρ(z)Jµ(x)Jν(0)|0〉 ,
Πµν(p) =
∫
dx2x e−ipx 〈0|TJµ(x)Jν(0)|0〉 ,
δDΠµν(p) =
(
(2dJ − 4)− pρ ∂
∂pρ
)
Πµν(p) . (27)
The anomaly-free term, the second term of the right hand side in Eq.(26), may further be rewritten into the form
F.T.〈φ(0)|TJµ(x)Jν(0)|0〉
∣∣∣∣∣
anomaly−free
= − 1
Fφ
δDΠµν(p)
= − 2i
Fφ
(
gµν − pµpν
p2
)[
1− p2 ∂
∂p2
]
Π(p2) , (28)
where we defined the current correlator Π(p2) as Πµν(p) = i(gµν − pµpνp2 )Π(p2). Consider the SU(2)W current
JµaL = F¯Lγ
µ σa
2 FL with σ
a (a = 1, 2, 3) being the Pauli matrices. We may further expand the current correlator
ΠLL(p
2) around p2 = 0 to find
F.T.〈φ(0)|TJµaL (x)JνbL (0)|0〉
∣∣∣∣∣
anomaly−free
= −δab 2i
Fφ
(
gµν − pµpν
p2
)[
ΠLL(0) +O(p4Π′′(0))
]
. (29)
Since the SU(2)W current is spontaneously broken to be coupled to the associated NGBs, one should find the decay
constant Fpi in ΠLL(0):
ΠLL(0) = ND
F 2pi
4
=
v2EW
4
, (30)
where ND is the number of the SU(2)W doublets formed by the techni-fermions. Supplying the SU(2)W gauge
coupling gW to the SU(2)L current coupled to the SM weak boson and identifying the resultant amplitude as the
φ-W a-W b vertex function such that
ig2W F.T.〈φ(0)|TJµaL (x)JνbL (0)|0〉
∣∣∣∣∣
anomaly−free
≡ δab
(
gµν − pµpν
p2
)
gφWW (p
2) , (31)
we thus arrive at
gφWW (0) =
2m2W
Fφ
. (32)
7FIG. 2: A triangle-loop graph yielding the scale anomaly induced by the techni-fermion loop.
Note that this result reflects the low-energy behavior of the TD Yukawa vertex corresponding to “3 − γm = 1” in
comparison with Refs. [30, 31] #3. In terms of an effective Lagrangian the coupling can be viewed as
LφWW = 2m
2
W
Fφ
φW aµW
µa . (33)
Similarly, one can easily derive the coupling formula for the U(1)Y gauge boson and apply the standard weak mixing
to the weak gauge bosons to get the coupling to the Z boson:
gφZZ =
2m2Z
Fφ
, LφZZ = 1
2
gφZZ φZµZ
µ . (34)
Eqs.(33) and (34) thus imply that the TD couplings to the weak gauge bosons take essentially the same form as those
of the SM Higgs, except for the overall scale set to Fφ, instead of vEW.
On the other hand, the couplings to the other gauge bosons such as gluon and photon do not arise from the
anomaly-free term at leading order of derivative expansion, since they couple to unbroken currents where Π(0) = 0.
Those couplings actually come from the anomaly term, the first term of the right hand side in Eq.(26).
The anomaly term can be calculated by straightforwardly evaluating the triangle diagram as depicted in Fig. 2:
lim
qρ→0
qρΓ
ρ
µν(p, q − p; q) = i
2βF (g)
g3
(p2gµν − pµpν) , (35)
where g stands for some gauge coupling associated with a gauge boson coupled to the current Jµ and βF (g) the
corresponding beta function including only the techni-fermion contributions. In terms of an effective Lagrangian, the
vertex function can be viewed as
LφV V = βF (g)
2g3
φ
Fφ
V 2µν , (36)
where Vµν is a field strength for an SM gauge field Vµ. For instance, the TD couplings to γγ and gg read
Lφγγ,gg = φ
Fφ
[
βF (e)
2e3
F 2µν +
βF (gs)
2g3s
G2µν
]
, (37)
with the electromagnetic and QCD couplings e and g and their field strengths. In addition to the techni-fermion loop
contributions, theW boson and the SM fermion loop corrections should be incorporated in fully evaluating the vertex
functions. For the full expressions, see Appendix A.
Note that our results obtained in this paper are direct consequences of the Ward-Takahashi identities without
referring to the explicit form of the TD Yukawa coupling to techni-fermions.
#3 The TD Yukawa vertex in Eq.(12) behaves as χφFF (p) = δS
−1
F (p)/Fφ ∼ Σ(p
2)/Fφ ∼ p
γm−2 in the asymptotic region p2 ≥ m2F ,
where Σ(p2) denotes the mass function. Since the ultraviolet region is highly suppressed as I ∼
∫
d4p Σ(p
2)2
p4
∼
∫
d4p p2γm−8 in the
relevant loop integral gµν · I for the TD-W -W vertex, it is dominated by the infrared region where the Yukawa vertex is almost constant
corresponding to γm = 2 (3− γm = 1). It is also the case for the scale anomaly term in Eq.(35).
8III. PHENOMENOLOGICAL LAGRANGIAN FOR TD
In this section, we shall introduce an effective Lagrangian to reproduce the results obtained in Sec. II on the TD
couplings to the SM particles when the low-energy limit p ≪ mF is taken (Sec. III A). We also discuss the stability
on the TD mass against quadratically divergent corrections arising from an effective theory below the scale mF which
would be the only possible source for a sizable scale symmetry breaking relevant to the TD mass (Sec. III B).
A. Nonlinear realization
We begin by introducing the TD and techni-pion fields, φ and pi, nonlinearly transforming under the scale and
chiral SU(NTF)L × SU(NTF)R symmetries, respectively. The techni-pion fields pi are embedded into the usual chiral
nonlinear base U parametrized as U = e2ipi/Fpi where pi = piAXA (A = 1, · · · , N2TF − 1) with XA being generators of
SU(NTF) such that Tr[X
AXB] = δAB/2, and Fpi denotes the decay constant associated with the spontaneous breaking
of the chiral symmetry. The chiral nonlinear base U then transforms under the chiral symmetry as U → gLUg†R,
while under the scale symmetry δU = xν∂νU and so does pi. The TD field φ is, on the other hand, related to a field
χ transforming linearly under the scale transformation, such that
χ = eφ/Fφ , δχ = (1 + xν∂ν)χ , (38)
while φ does nonlinearly as
δφ = Fφ + x
ν∂νφ . (39)
The kinetic terms for the techni-pions and TD thus take the scale-invariant form
Linv = F
2
pi
4
χ2Tr[DµU †DµU ] +
F 2φ
2
∂µχ∂
µχ , (40)
where DµU denotes the covariant derivative acting on U gauged only under the SM SU(3)c×SU(2)W ×U(1)Y gauge
symmetries.
The scale symmetry is actually broken explicitly as well as spontaneously by dynamical techni-fermion mass gen-
eration, which has to be respected also in the nonlinear realization [30]. In order to incorporate these effects into the
scale-invariant Lagrangian, we introduce a spurion field S having the scale dimension 1 coupled to the SM fermions,
gg and γγ in such a way that
LS = −mf
((χ
S
)2−γm · χ) f¯ f
+ log
(χ
S
){βF (gs)
2gs
G2µν +
βF (e)
2e
F 2µν
}
+ · · · , (41)
where Gµν and Fµν respectively denote the field strengths for gluon and photon fields, and βF s are the beta functions
only including the techni-fermion loop contributions. The ellipses in the second line would include techni-pion mass
terms coming from ETC contributions explicitly breaking the scale symmetry. However, the scale of techni-pion
masses turns out to actually be above the cutoff scale [33] set by mF which is estimated to be ≃ 320GeV
√
4
ND
3
NTC
(See Eq.(60)). Hence we have not written such terms in Eq.(41).
In addition, the TD potential term Vχ including nonderivative couplings should be incorporated so as to reproduce
the desired nonperturbative scale anomaly Eq.(4) [34]:
Vχ =
F 2φM
2
φ
4
χ4
(
logχ− 1
4
)
, (42)
One can easily check that the scale transformation of Vχ certainly yields the PCDC relation Eq.(4),
〈θµµ〉 = −δDVχ
∣∣∣∣∣
vacuum
= −F
2
φM
2
φ
4
〈χ4〉
∣∣∣∣∣
vacuum
= −F
2
φM
2
φ
4
. (43)
Note that although an operator relation of the PCDC would be violated if one put S(x) = 1 from the beginning in
our Lagrangian, the PCDC relation should not be understood as an operator relation as we mentioned below Eq.(16).
Actually, the operator form of the PCDC relation is obtained by keeping S(x) as an operator. Matrix elements
involving TD should be calculated keeping S(x) as an operator and then putting S(x) = 1 after all calculations, as in
the case of other spurion methods.
9B. The size of radiative corrections to the TD mass
Before closing this section, we shall briefly remark on stability of the light TD mass against radiative corrections.
As a pNGB of scale invariance the quadratic divergence is suppressed by the scale invariance for the walking regime
mF < µ < ΛTC(∼ ΛETC). The scale symmetry breaking in the ultraviolet region µ > ΛTC has no problem thanks to
the naturalness as usual like in the QCD and the QCD-scale-up TC where the theory has only logarithmic divergences.
Only possible source of the scale symmetry violation is from an effective theory for µ < mF .
Note first that since the effective Lagrangian Linv in Eq.(40) is scale-invariant, no mass corrections to Mφ arise
from there. The possible corrections thus come from the explicit breaking sector described by LS and Vχ in Eqs.(41)
and (42). The TD potential Vχ includes terms up to quartic order of φ,
Vχ = − 1
16
F 2φM
2
φ +
1
2
M2φφ
2 +
4
3
M2φ
Fφ
φ3 + 2
M2φ
F 2φ
φ4 + · · · , (44)
from which we may evaluate the quadratically divergent correction to the TD mass at the one-loop level, arising from
the quartic interaction of φ:
δM2φ|φ4 ≃
m2F
(4pi)2
24M2φ
F 2φ
, (45)
where we have regularized the quadratic divergence by the cutoff scale mF . On the other hand, the Yukawa coupling
terms in Eq.(41) give similar corrections which is dominated by top-loop #4:
δM2φ|Yukawa ≃ −
m2F
(4pi)2
12(3− γm)2m2t
F 2φ
, γm ≃ 1 . (46)
For a light TD with Mφ ≃ 125 GeV, it turns out that the φ4 correction in Eq.(45) is suppressed by a factor of
(Mφ/Fφ)
2 with the large TD decay constant Fφ (See Eq.(60)), compared with the Yukawa correction in Eq.(46). We
may therefore evaluate the total δM2φ neglecting the φ
4 correction. The quadratically divergent correction to the TD
mass thus contribute to the bare mass M
(0)
φ ≃ 125 GeV as follows:
Mφ ≃M (0)φ
[
1− 3
2pi2
m2tm
2
F
M2φF
2
φ
]
. (47)
As it will turn out later, (FφMφ) is are related to mF involving NTC and NTF (See Eq.(54)). With the criticality
condition (Eq.(57)), furthermore, we may write NTF ≃ 4NTC [14] and hence rewrite the correction term in Eq.(47)
to find
Mφ ≃ M (0)φ
[
1− 1
48κV
(
mt
mF
)2]
≃ M (0)φ
[
1− 0.025
NTC
]
, (48)
for the one-family TC model with ND = 4, where in the second line we have used mF ≃ 319GeV
√
4
ND
3
NTC
in Eq.(60)
and κV ≃ 0.7 in Eq.(56). Thus the one-loop radiative corrections give the shift by only about (3/NTC)% for the
light TD with mass Mφ ≃ 125 GeV, which is tiny enough to be natural against the quadratic divergence maximally
breaking the scale symmetry. Higher loop corrections turn out to be even more dramatically suppressed by powers of
(mF /(4piFφ))
2 due to the large TD decay constant Fφ (See Eq.(60)).
#4 Another source for the radiative breaking of scale symmetry might come from the techni-pion mass terms which would be included in
the Lagrangian LS . As was mentioned below Eq.(41), however, the techni-pion masses turn out to actually be higher than the cutoff
mF [33], so that we can safely ignore them in evaluating radiative corrections based on our effective Lagrangian.
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IV. TECHNI-DILATON AT LHC
In this section we shall explore the TD discovery channels at LHC in comparison with the SM Higgs and the current
ATLAS and CMS experimental data. We first estimate the size of the TD couplings by adopting results from a recent
nonperturbative analysis of walking dynamics (Sec. IVA). It then turns out that the TD in 1DM is invisible due to
the highly suppressed couplings to the SM particles. The TD total width is evaluated for the 1FM models (Sec. IVB).
Taking the TD mass to be 125 GeV and 600 GeV as the reference values, we then compute the LHC production cross
sections times the branching ratios for the 1FMs with NTC = 3, 5, 7, 9, normalized to the corresponding quantities
for the SM Higgs (Sec. IVC). The TD signatures for the mass range 110GeV ≤ Mφ ≤ 600 GeV are compared with
the presently reported experimental data (Sec. IVD). Finally, the TD discovery signatures are discussed in detail
(Secs. IVE).
A. Estimate of the TD couplings
The derived formulas for the TD couplings to the SM fermions and weak bosons, Eqs.(33), (34) and (23), imply a
simple scaling between the TD couplings and the SM Higgs ones:
gφff
ghSMff
=
(3 − γm)vEW
Fφ
, with γm ≃ 1 ,
gφWW/ZZ
ghSMWW/ZZ
=
vEW
Fφ
. (49)
On the other hand, the TD couplings to gg and γγ are given in Eqs.(A.3) and (A.4) based on Eq.(37). In the case of
a light TD such as the mass Mφ ∼ 125 GeV, these couplings normalized to the corresponding quantities for the SM
Higgs are approximately evaluated as
gφgg
ghSMgg
≃ vEW
Fφ
∣∣∣∣∣ (3− γm)β
t
SM(gs) + βF (gs)
βtSM(gs)
∣∣∣∣∣ ,
gφγγ
ghSMγγ
≃ vEW
Fφ
∣∣∣∣∣β
W
SM(e) + (3− γm)βtSM(e) + βF (e)
βWSM(e) + β
t
SM(e)
∣∣∣∣∣ , for γm ≃ 1 , (50)
where βtSM(gs) = (2/3) · g3s/(4pi)2, βtSM(e) = 3 · (2/3)2 · 2/3 and βWSM(e) = −7/2 · e3/(4pi)2 including only the top quark
and W loop contributions at one-loop level. The above ratios are thus estimated by evaluating the techni-fermion
contributions in βF once the model of WTC is fixed. For the 1DM and 1FM, we have
βF (gs)/(g
3
s/(4pi)
2) =
2
3
NTC
∑
Q
NQ =
{
0 for 1DM
4
3NTC for 1FM
,
βF (e)/(e
3/(4pi)2) =
2
3
NTC
∑
F
N (F )c Q
2
F =
{
1
3NTC for 1DM
16
9 NTC for 1FM
, (51)
where N
(F )
c = 1(3) for leptons (quarks). Hence we find
gφgg
ghSMgg
∼ vEW
Fφ
·
{
4 for 1DM
|2 + 2NTC| for 1FM ,
gφγγ
ghSMγγ
∼ vEW
Fφ
·
{
| 3147 − 947NTC| for 1DM| 3147 − 3247NTC| for 1FM
. (52)
The overall factor (vEW/Fφ) may be estimated through the PCDC relation Eq.(4): The TD decay constant Fφ and
TD mass Mφ are related to the vacuum energy density Evac = 〈θµµ〉/4 through the PCDC relation as in Eq.(4):
F 2φM
2
φ = −4〈θµµ〉 . (53)
We may then write the vacuum energy density Evac in a generic manner as in Eq.(5):
〈θµµ〉 = 4Evac = −κV
(
NTCNTF
2pi2
)
m4F , (54)
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where we have assumed that the techni-fermions belong to fundamental representation for SU(NTC) gauge group and
κV is the overall coefficient in principle calculable by the nonperturbative analysis. The dynamical techni-fermion
mass mF can, on the other hand, be related to the techni-pion decay constant Fpi:
F 2pi = κ
2
F
NTC
4pi2
m2F , (55)
with the overall coefficient κF and the property of NTC scaling taken into account. The scale of Fpi is set by the
electroweak scale vEW along with ND as Fpi = vEW/
√
ND. With these combined, one can express FφMφ in Eq.(4) in
terms of NTC, NTF and κV,F , once Fpi = vEW/
√
ND is fixed.
The values of κV and κF may be quoted from the latest result [23] on a ladder SD analysis for a modern version
of WTC [13–15] #5:
κV ≃ 0.7 , κF ≃ 1.4 , (56)
where κF has been estimated based on the Pagels-Stokar formula [35]. In that case NTF is fixed by the criticality
condition #6 for the walking regime as [14]
NTF ≃ 4NTC , (57)
where
NTF = 2ND +NEW−singlet , (58)
with NEW−singlet being the number of the electroweak/color-singlet techni-fermions, “dummy” techni-fermions [37]
introduced in order to fulfill the criticality condition, which serve to reduce the TD couplings by enhancing Fφ through
Eqs.(53) and (54). Note that (vEW/Fφ) is independent of NTC when NTF ≃ 4NTC is used:
vEW
Fφ
≃ 1
8
√
2pi
√
κ4F
κV
ND
Mφ
vEW
. (59)
Taking the original 1FM [9] with ND = 4 as a definite benchmark, we thus evaluate mF , Fφ and (vEW/Fφ) in Eq.(49)
to get
mF ≃ 319GeV
√
4
ND
3
NTC
,
Fφ ≃ 1836GeV
(
4
ND
)(
125GeV
Mφ
)
,
vEW
Fpi
≃ 0.134
(
ND
4
)(
Mφ
125GeV
)
. (60)
The plot of (vEW/Fφ) as a function ofMφ is shown in Fig. 3 for the 1DM and 1FM, in comparison with the SM Higgs.
In the case of 1DM, all the couplings are very small compared with the SM Higgs since the overall factor (vEW/Fφ)
of the couplings in Eqs.(49) and (52) is of order O(10−2) and other factors are not so large as to compensate the
smallness. Thus the TD in the 1DM is invisible in all region.
As to the 1FM, the overall factor (vEW/Fφ) is four times larger than that of the 1DM, but is still small compared
with the SM Higgs and hence the TD couplings to WW,ZZ and f f¯ in Eq.(49) are substantially smaller than those
of the SM Higgs. On the other hand, the TD couplings to gg and γγ in Eq.(52) have extra factors |2 + 2NTC|
and |(31 − 32NTC)/47| coming from techni-fermions as well as the W and top quarks carrying the QCD color and
electromagnetic charges. The gluon fusion production thus becomes larger than the SM Higgs case due to this extra
factor. Even considering this factor, the signals for WW , ZZ and f f¯ are extremely small compared with the SM
Higgs, unless we assume a gigantic number of NTC, roughly, NTC > 50.
#5 In the previous work [30] κF and κV were set to the values near the criticality, i.e., (κF , κV ) ≃ (1.5, 0.76), which is realized by taking the
criticality limit α→ αc (ΛETC/mF →∞) [23]. The present paper has focused on an intermediate set of the values (κF , κV ) ≃ (1.4, 0.7)
corresponding to a realistic situation ΛETC/mF ≃ 10
3 − 104 viable for the TC model-building.
#6 The estimated numbers based on the ladder approximation can have the uncertainties by about 30% [36], which could result in
uncertainty of 60% for the diphoton event rate at ≃ 125 GeV, to be as large as about 2.7 times the SM Higgs case for NTC = 7.
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FIG. 3: The plot of (vEW/Fφ) as a function of the TD mass Mφ in a range from 110 to 600 GeV for the 1DM (blue line) and
1FM (black line) with NTF = 4NTC fixed, in comparison with the SM Higgs case (red line).
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FIG. 4: The TD total width as a function of the mass Mφ for the 1FMs with NTC = 3 (solid), 5 (dashed), 7 (dotted) and 9
(dot-dashed), in comparison with the SM Higgs case (red-dashed curve).
However, the γγ event rate can be enhanced by the factors both from the gg and γγ couplings, which can compensate
the smallness of (vEW/Fφ) for a moderately large NTC: The γγ event rate may roughly be estimated as
R(0)γγ ≡
(
gφgg
ghSMgg
)2
·
(
gφγγ
ghSMγγ
)2
∼ (0.134)4 · (2 + 2NTC)2
(
31
47
− 32
47
NTC
)2
, (61)
which exceeds unity when NTC ≥ 7. More detailed estimation will be done later (See Table V, Figs. 8 and 9.).
B. Total width
Using the values given in Eq.(60) we calculate the TD partial decay widths. In Appendix A we present those
formulas relevant to the mass range 110GeV ≤Mφ ≤ 600 GeV focusing on two-body decay modes.
Figure 4 shows the TD total width as a function of the TD mass Mφ in the range 110GeV ≤ Mφ ≤ 600 GeV
for the 1FMs with NTC = 3, 5, 7, 9, in comparison with the SM Higgs case (red curve). The techni-fermion loops
significantly contribute to the decays to gg, γγ, Zγ, to make the total width larger. Such a high enhancement balances
with the overall suppression of the TD couplings as seen in Fig. 3 for the lower mass range up to around 500 GeV
depending on NTC, to be comparable to the SM Higgs total width. Actually, above the mass around 500 GeV, a new
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1FM with NTC rWW/ZZ rgg
3 0.018 1.2
5 0.018 2.7
7 0.018 4.8
9 0.018 7.6
TABLE I: The estimated numbers at Mφ = 125 GeV relevant to the TD 7 TeV LHC production processes for the 1FMs, in
comparison with the corresponding quantities for the SM Higgs.
1FM with NTC rWW/ZZ rgg
3 0.41 12
5 0.41 27
7 0.41 48
9 0.41 74
TABLE II: The same as in Table I for Mφ = 600 GeV.
two-body decay channel to color-triplet techni-pions P±,03 , P
′
3 with the mass mP3 ≃ 299
√
3/NTC GeV will be open to
significantly enhance the total width. The total width will thus be much broader for the mass above 600 GeV, as seen
in Fig. 4. The detailed analysis of techni-pions in the 1FM taking into account the walking features will be reported
in another publication [33].
C. TD LHC signatures
As done in Refs. [30, 31], we shall define a ratio of the TD LHC production cross section times branching ratio
normalized to the SM Higgs one:
RX ≡ [σGF(pp→ φ) + σVBF(pp→ φ)]
[σGF(pp→ hSM) + σVBF(pp→ hSM)]
BR(φ→ X)
BR(hSM → X) , (62)
where we have assumed that the dominant production cross section arises through gluon fusion (GF) and vector boson
fusion (VBF) processes similarly to the SM Higgs case. Since the total width of TD is almost comparable with that
of the SM Higgs up to the mass ∼ 600 GeV as seen from Fig. 4, the narrow width approximation may be applicable.
We may therefore rewrite the ratios of the production cross sections in terms of the ratios of the corresponding decay
widths as [38]
σVBF(pp→ φ)
σVBF(pp→ hSM) =
Γ(φ→WW/ZZ)
Γ(hSM →WW/ZZ) ≡ rWW/ZZ ,
σGF(pp→ φ)
σGF(pp→ hSM) =
Γ(φ→ gg)
Γ(hSM → gg) ≡ rgg , (63)
which leads to
RX =
(
σGF(pp→ hSM) · rgg + σVBF(pp→ hSM) · rWW/ZZ
σGF(pp→ hSM) + σVBF(pp→ hSM)
)
rXBR , (64)
where
rXBR =
BR(φ→ X)
BR(hSM → X) . (65)
The SM Higgs branching ratios and LHC production cross sections at 7 TeV are read off from Ref. [39]. By using the
formulas for the TD partial widths listed in Appendix A together with the values of mF , Fφ estimated from Eq.(60),
the ratios rWW/ZZ , rgg, r
X
BR and RX in Eq.(64) for the 1FMs are thus explicitly calculated as a function of Mφ only.
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1FM with NTC r
γγ
BR r
gg
BR r
WW/ZZ
BR r
bb¯,cc¯,τ+τ−
BR
3 0.095 7.9 0.12 0.47
5 0.26 9.5 0.065 0.26
7 0.38 11 0.040 0.16
9 0.46 11 0.027 0.11
TABLE III: The TD branching fraction at Mφ = 125 GeV for the 1FMs, normalized to the corresponding quantities for the
SM Higgs.
1FM with NTC r
γγ
BR r
gg
BR r
tt¯
BR r
WW/ZZ
BR
3 323 14 1.8 0.46
5 277 10 0.64 0.16
7 354 13 0.44 0.11
9 414 14 0.32 0.079
TABLE IV: The same as in Table III for Mφ = 600 GeV.
1. Rate of production cross sections: rgg and rWW/ZZ
In Tables I and II, taking Mφ = 125 GeV and 600 GeV as the reference points, we make the lists for the estimated
values of rWW/ZZ and rgg for the 1FMs with NTC = 3, 5, 7, 9. From these tables we see that the GF production cross
sections get enhanced because of the extra techni-quark loop contributions. This becomes more operative when the
TD mass gets larger, since the overall suppression of the TD coupling gets milder so that the coupling strength will
be as much as the SM Higgs one, as seen from Fig. 3. At the TD mass Mφ = 600 GeV, indeed, the GF productions
are gigantically enhanced sensitively depending on NTC, while the VBF productions are suppressed simply due to the
small TD couplings to the weak gauge bosons (See Table II).
2. Rate of branching fractions: rXBR
The TD branching fractions for Mφ = 125 GeV and 600 GeV normalized to the corresponding quantities for the
SM Higgs (denoted as rXBR) are shown in Tables III and IV for the 1FMs. Note first that the branching fraction for
decays to WW (∗) and ZZ(∗) are generically suppressed compared to the other channels. This is mainly because of
their couplings, which are by about factor 2 smaller than the couplings to fermions (See Eq.(49)) and are lack of extra
factors developing with NTC as in the couplings to gg and γγ in Eq.(52).
At the low mass Mφ = 125 GeV, the branching fractions to WW
∗, ZZ∗, bb¯ and γγ get suppressed compared to the
SM Higgs case. This is mainly due to the highly enhanced gg decay rate by the extra factor |2+2NTC|2 coming from
colored-fermion loop contributions as in Eq.(52).
At the high mass Mφ = 600 GeV (Table IV), similarly to the low mass case, the branching fraction to gg is
enhanced compared to the SM Higgs case, due to the extra colored-fermion loop contributions. In contrast to the low
mass case, the branching fraction to γγ is also enhanced at this high mass. This is because the contributions from
techni-fermion loop overwhelm those from the W loop at this high mass. The branching fractions for WW , ZZ and
tt¯ are suppressed since the decays to gg and γγ are enhanced. The suppression of these branching fractions also come
from another source: Actually, some decay channels to color-triplet techni-pions P±,03 and P
′
3 become dominant above
the threshold 2mP3 ≃ 600
√
3/NTC GeV [33]. (The rate of the branching fraction to P3 pair is about 80% at around
600 GeV, such that the decays to WW and ZZ as well as to tt¯ become suppressed dramatically.) The threshold effect
of decays to the P3 pair becomes eminent when NTC is changed from 3 to 5 for Mφ = 600 GeV, so that the other
decay amplitudes drop to be slightly suppressed. Such a threshold effect is milder (drop by about 10%) for the γγ
and gg modes because of enhancement by techni-fermion loop contributions along with the number of NTC, while it
is effective (drop by about 60%) in the other decay modes fairly insensitive to the NTC (See Table IV).
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1FM with NTC Rγγ Rgg RWW/ZZ Rbb¯,cc¯,τ+τ−
3 0.11 8.8 0.13 0.53
5 0.64 25 0.16 0.66
7 1.7 48 0.18 0.72
9 3.2 79 0.19 0.75
TABLE V: The TD signatures at Mφ = 125 GeV for the 1FMs, normalized to those of the SM Higgs.
1FM with NTC Rγγ Rgg Rtt¯ RWW/ZZ
3 3.4× 103 3.4× 103 20 4.9
5 6.4× 103 1.1× 104 15 3.7
7 1.4× 104 2.5× 104 18 4.4
9 2.6× 104 4.3× 104 20 5.0
TABLE VI: The same as in Table V for Mφ = 600 GeV.
3. Rate of event rates: RX
We now discuss the TD event rates normalized to the SM Higgs case, RX in Eq.(64). In Tables V and VI we list the
RX at 7 TeV LHC forMφ = 125 GeV and 600 GeV in the case of the 1FMs. At the high massMφ = 600 GeV, all the
signatures are highly enhanced by the large GF production cross sections. Though the decay rates to WW and ZZ
are suppressed, these event rates RWW and RZZ actually become larger than those of the SM Higgs due to the large
enhancement of the GF production. Such enhanced WW and ZZ channels will thus be characteristic signatures of
TD with the mass ∼ 600 GeV, to be tested by the upcoming 2012 data. Besides the enhanced WW and ZZ modes,
the γγ modes at Mφ = 600 GeV become gigantically large as the number of NTC gets increased (Table VI), which
yields a large cross section ∼ 1 fb, to be testable at the LHC experiments [30] #7.
ForMφ = 125 GeV, the diphoton channel gets enhanced as NTC increases according to a simple scaling Rγγ ≃ R(0)γγ
in Eq.(61). On the other hand, other signatures such as WW , ZZ and f f¯ are substantially suppressed simply due to
the smallness of the overall factor of the couplings. Thus the light TD can be seen only through the diphoton channel
as a large excess. Especially, the number of Rγγ at 125 GeV for the 1FM with NTC = 7 coincides with the presently
observed signal strength in the diphoton channel at the ATLAS and CMS experiments [5, 7], which we will explore
more closely later.
D. Limits from the current LHC data
In Figs. 5 and 6 we show the comparison with the current 95% CL upper limits on the ratios RWW and RZZ from
the ATLAS and CMS experiments [40, 41]. We see that the current data on the WW and ZZ channels exclude the
TD mass in the mass range 145GeV <∼ Mφ <∼ 600 GeV. The bumps at around 500 GeV appear because the decay
channels to color-triplet techni-pions start to open depending on NTC to be dominant [33].
In Figs. 7 and 8 the TD signatures in the τ+τ− and γγ channels are compared with the presently reported
experimental data for the low mass region below 150 GeV [5, 42]. The τ+τ− signatures are much below the upper
limits, due to the large suppression of the TD coupling (See the reference point Mφ = 125 GeV in Fig. 3 or Table V.)
Remarkably, the γγ signatures are close to the observed data as NTC is increased, to coincide at around 125 GeV
when NTC = 7 as in Table V. We will address the 125 GeV TD in detail below.
#7 In the previous analysis we adopted the universal scaling factor of the TD coupling from the SM Higgs (3 − γm) ≃ 2, which turns out
to be (3 − γm) ≃ 1 for the TD couplings to the SM gauge bosons, since they are infrared-dominant quantities, as was mentioned in
footnote #3.
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FIG. 5: RWW as a function of the mass Mφ for the 1FMs with NTC = 3 (solid), 5 (dashed), 7 (dotted) and 9 (dot-dashed),
in comparison with the current ATLAS (red curve) and CMS (blue curve) 95% CL upper limit [40, 41].
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FIG. 6: RZZ as a function of the mass Mφ for the 1FMs with NTC = 3 (solid), 5 (dashed), 7 (dotted) and 9 (dot-dashed), in
comparison with the current ATLAS (red curve) and CMS (blue curve) 95% CL upper limit [40, 41].
E. TD discovery signatures at 125 GeV
We shall look into the 125 GeV TD more closely through the predicted signals in the diphoton and weak boson
channels. As seen in Table V and Fig. 8, the TD diphoton signals are fairly sensitive to the number of NTC: When
NTC = 7 it is close to the amount of the presently observed signal strength ∼ 2× σhSM ×BR(hSM → γγ) [5, 7], while
it exceeds the present observation for NTC ≥ 8. This feature can be understood by considering a ratio Rγγ/RWW/ZZ
whose NTC-dependence can be roughly described at Mφ = 125 GeV:
Rγγ
RWW/ZZ
∣∣∣∣∣
NTC
≃ r
γγ
BR
r
WW/ZZ
BR
≃
∣∣∣∣∣3147 − 3247NTC
∣∣∣∣∣
2
, (66)
which follows Eq.(61). The diphoton excess therefore grows even more as NTC is increased. It is sharply contrasted
to other channels including the WW/ZZ and fermionic channels which are almost insensitive to NTC, staying in the
range consistent with the present data [40–42] as seen from Figs. 5, 6 and 7.
In Fig. 9 we also plot the TD signal strengths in the weak boson and diphoton channels in the case of the 1FMs
with NTC = 7, 8, 9 for the low mass range 110GeV ≤Mφ ≤ 150GeV, in comparison with the best-fit signal strengths
estimated by the ATLAS experiment [2] including the 1 σ uncertainty band (denoted by red-solid curves) read from
the reference. Fig. 9 indeed tells us that when NTC = 7− 9 the TD signals are consistent with the presently observed
signal strengths in the weak boson and diphoton channels.
Besides the boson channels, the predicted signals in the fermionic channels such as the decay channels to τ+τ− [42]
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FIG. 7: Rτ+τ− as a function of the mass Mφ for the 1FMs with NTC = 3 (solid), 5 (dashed), 7 (dotted) and 9 (dot-dashed),
in comparison with the current ATLAS (red curve) and CMS (blue curve) 95% CL upper limit [42].
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FIG. 8: Rγγ as a function of the mass Mφ for the 1FMs with NTC = 3 (solid), 5 (dashed), 7 (dotted) and 9 (dot-dashed) in
comparison with the current ATLAS (red curve) and CMS (blue curve) 95% CL upper limit [5, 7].
as well as to bb¯ [43] are consistent as well: As seen from Fig. 7 the signatures at around 125 GeV in the fermionic
channels get suppressed compared to the SM Higgs case, mainly due to relative enhancement in the gg decay mode (See
Table III) #8. Such suppressed signals turn out to be much below the presently reported 95% CL upper limits [42, 43],
to be consistent with the best-fit signal strengths for the τ+τ− and bb¯ modes within the large systematic uncertainties
at around 125 GeV [2, 4].
Thus, if the excessive diphoton signals develop at the upcoming experiments to reach the desired significance level,
while other channels essentially stay at the present significance, it would imply the discovery of the 125 GeV TD. The
excess at around 125 GeV only in the diphoton channel will be a salient feature of the TD discriminated from the SM
Higgs [31].
A global analysis of experimental constraints on Higgs-like objects at around 125 GeV has recently been discussed
by several authors [45], where the size of deviation from the SM Higgs couplings as in Eq.(49) is treated as a free
parameter. Those analyses were, however, done by assuming that there is no contribution to couplings to gg and γγ
from the sector beyond the SM, or QED and QCD are fully embedded into a single scale-invariant/conformal field
theory, which allows us to evaluate the couplings to gg and γγ in terms of known contributions from the SM particles
as done in the literatures regarding other dilaton scenario [46–48]. Note that both analyses cannot be applied to the
125 GeV TD in the WTC scenario where the WTC contributions are incorporated in the TD couplings to gg and γγ,
#8 Hence the TD may not account for another excess about 2 σ in the bb¯ channel observed at Tevatron [44].
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FIG. 9: The plots of RWW , RZZ and Rγγ in the low mass range 110GeV ≤ Mφ ≤ 150GeV for the 1FMs with NTC = 7, 8, 9
(black-solid, dashed and dotted curves), in comparison with the best-fit signal strengths estimated by the ATLAS experiment [2]
(red-dashed curves) including the 1 σ uncertainty band (denoted by red-solid curves) read from the reference. The possible
theoretical uncertainty about 30% described in the text has been incorporated in the respective black thin curves.
completely separated from the SM sector contributions (See Eqs.(A.3) and (A.4)).
V. SUMMARY
In summary, we have explored in detail the TD signatures at LHC as an extension from the previously reported
papers [30, 31]. We first addressed that the TD couplings to techni-fermions are derived based on the Ward-Takahashi
identity for the dilatation current coupled to TD. It was clarified that all the couplings to the SM particles are
induced from techni-fermion loops: The Yukawa couplings to the SM fermions arise due to ETC-induced four-fermion
interactions reflecting the ultraviolet feature of WTC characterized by the anomalous dimension γm ≃ 1. The
couplings to the SM gauge bosons, on the other hand, are determined by the infrared features fixed solely by the
low-energy theorem.
We also refined the low-energy effective Lagrangian for TD in a way consistent with the Ward-Takahashi identities
mentioned above. The Lagrangian was based on the nonlinear realization of both the scale and chiral symmetries,
where the scale invariance is ensured by including a spurion field which reflects the explicit breaking induced from the
dynamical generation of techni-fermion mass itself. We further showed that the light TD mass is stable to be natural
against radiative corrections breaking the scale symmetry which would arise from outside of the walking regime.
The estimate of the TD couplings was done by using the recent result of the ladder SD analysis together with the
PCDC relation. For the 1DMs, the overall factor (vEW/Fφ) of the TD couplings is so small that all the signatures
are invisible at the LHC. As to the 1FMs, the event rates for WW , ZZ and f f¯ are small compared with the SM
Higgs due to the smallness of the couplings. On the other hand, the γγ event rate becomes enhanced due to the two
enhancement factors from both the gg and γγ couplings (See Eq.(52)).
We then discussed the TD LHC signatures in the 1FMs with various NTC for the TD mass 110 GeV - 600 GeV, in
comparison with the SM Higgs. It turned out that the light TD can be discovered as a large excess relative to the
SM Higgs at around 125 GeV only in the diphoton channel: If the currently observed diphoton excess could come
mainly from the VBF production, the 125 GeV TD would be excluded, which is to be soon tested in the upcoming
2012 LHC data.
Note added: Very recently, on July 4th, 2012, the ATLAS and CMS have reported 5 sigma discovery of a Higgs-
like particle at around 125 GeV, particularly in the diphoton and ZZ∗ → 4l channels [49]. While the diphoton signal
is consistent with the TD prediction, the ZZ∗ appears to be somewhat larger than the TD prediction in the text (See
Eq.(V)). However, the TD can still be consistent with the new data in the following way.
The values presented in Table V are actually only typical ones based on the ladder approximation which are subject
to certain uncertainties up to 30% observed for the critical coupling and hadron spectrum in QCD [36, 50, 51]. We may
include this 30% uncertainty in estimation of Fφ in Eq.(60) for each independent factor κV (Eq.(54)), κ
2
F (Eq.(55))
and the criticality condition NTF/(4NTC) (Eq.(57)). We then find the total size of uncertainties on Fφ to be about
60%. This implies a shift of Fφ: Fφ ≃ 1836GeV
√
4/ND → as low as ≃ 700GeV
√
4/ND. Thus the overall ratio
of the TD coupling to the SM Higgs case could be (vEW/Fφ) ≃ 0.3, compared with the typical value in the text,
(vEW/Fφ) ≃ 0.134 in Eq.(60). This ratio ≃ 0.3 is large enough to be compensated by the enhanced GF production
(See Eq.(52)) to yield the ZZ∗ signal of the 125 GeV TD comparable to that of the SM Higgs. (Such uncertainties of
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Fφ [GeV] NTC Rbb¯,τ+τ− RWW/ZZ Rγγ
700 4 1.3 1.3 1.7
5 1.3 1.3 3.8
800 4 0.97 0.97 1.3
5 1.0 1.0 2.9
900 4 0.77 0.77 1.1
5 0.79 0.79 2.3
1000 4 0.62 0.62 0.85
5 0.64 0.64 1.9
TABLE VII: The modified TD signatures at 125 GeV taking into account the prescriptions described in the text.
the ladder approximation will be settled by more reliable nonperturbative calculations such as lattice simulations. )
One might wonder if this modification would enhance the TD modes to the SM fermions roughly 5 times (≃
(0.3/0.134)2) larger than the values in Table V, to be unacceptable experimental upper limits [49]. Actually, this is
not the case if we take into account the proper mass generation for the third-generation SM fermions: In Eq.(49) we
have adopted the simple-minded ETC scheme for all the SM fermion masses through the techni-fermion condensate
with the anomalous dimension γm ≃ 1 (3 − γm ≃ 2). In that case, however, the heavy third-generation quarks and
leptons may not get a sufficient amount of contributions and still be lighter than the realistic ones. It was found that
if we include additional four-fermion interactions like strong ETC, the anomalous dimension becomes much larger
1 < γm < 2, which can boost the ETC-origin mass to arbitrarily large up till the techni-fermion mass scale (“strong
ETC model”) [52, 53]. To accommodate the realistic fermion mass generation, it may thus be reasonable to put
γm ≃ 2 in Eq.(49) for the TD coupling to the third-generation fermions such as τ+τ− and bb¯. Then the overall
factor (3 − γm) of the TD Yukawa couplings to bb¯ and τ+τ− in Eq.(49) becomes unity, (3 − γm) ≃ 1, which almost
compensates the factor 5 shift of (vEW/Fφ)
2 in the above modification.
With these prescriptions made, the TD signatures at 125 GeV now slightly become modified from those listed in
Table V. We show the modified event rates RX of the 125 GeV TD in Table VII, taking Fφ = 700, 800, 900, 1000 GeV
as the reference points for NTC = 4, 5 (instead of NTC ≥ 7 in the text). The numbers shown in Table VII indeed imply
that the TD signatures at around 125 GeV are consistent with the best-fit signal strengths (µ = σ/σSM) reported by
the ATLAS and CMS experiments [49]. In particular, the diphoton signal about twice larger than the expectation
from the SM Higgs can be explained by the TD, which is due to the enhanced GF production cross section. This
enhanced GF production is in contrast to the VBF production which is suppressed for the TD: The TD signal strength
in the diphoton plus dijet channel tends to be smaller than the standard model Higgs prediction, simply because of
the suppression of the overall TD coupling compared to the SM Higgs. Similar suppressions are also seen in other
exclusive channels like (2l2ν + 2j) and (τ+τ− + 2j) as well as bb¯ originated from the vector boson fusion and vector
boson associate productions. This salient feature will be tested to be confirmed or excluded by the upcoming 2012
data.
After submitting the paper, we have posted on arXiv a paper (arXiv:1207.5911) performing a goodness-of-fit of the
125 GeV TD signal based on the latest data (as of July 25, 2012) of the LHC by extending the above reanalysis: The
TD actually turns out to be favored by the current LHC data, slightly better than the SM Higgs. Also related papers
appeared after the submission [54].
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Appendix A: The partial decay widths
In this appendix we shall present the formulas for the TD partial decay widths focusing on the two-body decays to
the SM particles.
• φ→ f f¯ :
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Γ(φ→ f f¯) = (3 − γm)
2N
(f)
c m2fMφ
8piF 2φ
(1− τf )3/2 , τf =
4m2f
M2φ
, (A.1)
where N
(f)
c = 3(1) for quarks (leptons).
• φ→WW ∗, ZZ∗:
Γ(φ→WW ∗) = δW∗ 3GFm
4
WMφ
16
√
2pi3F 2φ
R
(
m2W
M2φ
)
,
Γ(φ→ ZZ∗) = δZ∗ 3GFm
4
ZMφ
16
√
2pi3F 2φ
R
(
m2Z
M2φ
)
,
R(x) =
3(1− 8x+ 20x2)√
4x− 1 cos
−1
(
3x− 1
2x3/2
)
− (1− x)(2 − 13x+ 47x
2)
2x
− 3
2
(1− 6x+ 4x2) log x ,
δV ∗ =
{
1 for W
7
12 − 109 s2W + 4027s4W for Z
, (A.2)
where GF is the Fermi coupling constant defined as GF /
√
2 = g2W /(8m
2
W ), and sW (cW ) denotes the weak
mixing angle defined as sW = e/gW (cW = e/gY ) with the electromagnetic (EM) coupling e and SU(2)W
(U(1)Y ) gauge coupling gW (gY ).
• φ→ γγ:
Γ(φ→ γγ) = α
2
EMM
3
φ
256pi3F 2φ
∣∣∣∣∣AW (τW ) +
∑
f
(3 − γm)N (f)c Q2fAf (τf ) + 2bF (e)
∣∣∣∣∣
2
,
AW (τW ) = − [2 + 3τW + 3τW (2− τW )f(τW )] , τW = 4m
2
W
M2φ
,
Af (τf ) = 2τf [1 + (1− τf ) f(τf )] , τf =
4m2f
M2φ
,
f(τ) =
{ (
sin−1 1√
τ
)2
for τ > 1
− 14
[
log
(
1+
√
1+τ
1−√1−τ
)
− ipi
]
for τ ≤ 1
,
bF (e) =
(4pi)2βEMF (e)
e3
=
2
3
NTC
∑
F
N (F )c Q
2
F , (A.3)
where αEM = e
2/(4pi) and N
(F )
c = 3(1) for techni-quarks (leptons); Qf(F ) denotes the EM charge for SM
f -fermions (F -techni-fermions).
• φ→ gg:
Γ(φ→ gg) = α
2
sM
3
φ
32pi3F 2φ
∣∣∣∣∣
∑
q
(3− γm)τq [1 + (1− τq) f(τq)] + bF (gs)
∣∣∣∣∣
2
,
bF (gs) =
(4pi)2β(gs)
g3s
=
2
3
NTC
∑
Q
NQ , (A.4)
where αs = g
2
s/(4pi) with gs being SU(3)c gauge coupling, and q and Q denote SM quark and techni-quark,
respectively.
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• φ→WW,ZZ:
Γ(φ→WW/ZZ) = δW (Z)
M3φ
32piF 2φ
√
1− τW/Z
(
1− τW/Z +
3
4
τ2W/Z
)
, δW (Z) = 2(1) (A.5)
One can also incorporate higher order QCD corrections in the same way as done in the SM Higgs case [55], which
would be relevant to φ→light quarks and gg decay modes.
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